1. A high activity of NAD-linked 'malic' enzyme was found in homogenates of flight muscle of different species of tse-tse fly (Glossina). The activity was the same as, or higher than, that of malate dehydrogenase and more than 20-fold that of NADP-linked 'malic' enzyme. A similar enzyme was found in the flight muscle of all other insects investigated, but at much lower activities. 2. A Ca2+-stimulated oxaloacetate decarboxylase activity was present in all insect flight-muscle preparations investigated, in constant proportion to the NAD-linked 'malic' enzyme. 3. A partial purification of the NAD-linked 'malic' enzyme from Glossina was effected by DEAE-ellulose chromatography, which separated the enzyme from malate dehydrogenase and NADP-linked 'malic' enzyme, but not from oxaloacetate decarboxylase. 4. The intracellular localization of the NAD-linked 'malic' enzyme was predominantly mitochondrial; latency studies suggested a localization in the mitochondrial matrix space. 5. Studies on the partially purified enzyme demonstrated that it had a pH optimum between 7.6 and 7.9. It required Mg2+ or Mn2+ for activity; Ca2+ was not effective. The maximum rate was the same with either cation, but the concentration of Mn2+ required was 100 times less than that of Mg2+. Activity with NADP was only 1-3 % of that with NAD, unless very high (>10mM) concentrations of Mn2+ were present. 6. It is suggested that the NAD-linked 'malic' enzyme functions in the proline-oxidation pathway predominant in tse-tse fly flight muscle.
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Proline constitutes a major substrate for energy supply to the ffight muscle of the tse-tse fly (Glossina) and some species of beetle (Bursell, 1963; Brosemer & Veerabhadrappa, 1965; De Kort et al., 1973; Hansford & Johnson, 1975) . Bursell (1963) proposed a pathway for the conversion of proline into alanine involving a transamination ofglutamate, formed from proline, with pyruvate. The regeneration of pyruvate was assumed to occur by a decarboxylation of oxaloacetate, formed by oxidation of a-oxoglutarate via the tricarboxylic acid cycle. Subsequent studies (Bursell, 1966 (Bursell, , 1967 Norden & Patersen, 1969; Crabtree & Newsholme, 1970) provided evidence for the occurrence of this pathway in the flight muscle ofthe tse-tse fly, and a high activity of oxaloacetate decarboxylase (EC 4.1.1.3) was found by Bursell (1965) in water extracts of acetone-treated powders of tse-tse fly flight muscle.
In recent years NAD-linked 'malic' enzymes (EC 1.1.1.39) have been reported in low activity in a variety of higher organisms (Sauer, 1973a,b; Lin & Davis, 1974) . These enzymes have been found to differ from NADP-linked 'malic' enzymes in several respects. Thus they are unable to catalyse the reductive carboxylation of pyruvate (Frenkel, 1975) , they do not catalyse the decarboxylation of oxaloacetate (Lin & Davis, 1974; Frenkel, 1975 ; see also Saz & Vol. 160 Hubbard , 1957; Fodge et al., 1972) , they are highly specific for NAD when activated with Mg2+, but with Mn2+ often show a considerable reactivity with NADP (Sauer, 1973a,b; Lin & Davis, 1974) , they are affected by various activators and inhibitors, such as ATP, pyruvate, succinate and fumarate (Sauer, 1973a,b; Lin & Davis, 1974; Hansford & Johnson, 1975) and they are located in the mitochondria (Sauer, 1973a,b; Lin & Davis, 1974 l0mM-Tris/HCI/l mM-EGTA, pH7.6, was used. The methods applied were essentially those of Van den Bergh (1967) . For tse-tse fly, fleshfly, termite, armyworm moth and bee, whole thoraces were pounded in a mortar with ice-cold sucrose/EGTA medium, filtered through four layers of muslin, then carefully homogenized; for locust, cockroach and dung beetle, flight muscles were carefully excised and homogenized in sufficient sucrose/EGTA medium to give a protein concentration of approx. 5mg/ml. Assays NAD-linked 'malic' enzyme was assayed spectrophotometrically at 340nm in Tris/HCl buffer, pH 7.4 or 7.8 (0.1M), containing 1 mM-NAD+, 5mM-MgCl2, 2OmM-malate and malate dehydrogenase (2.5 units/ ml). The malate dehydrogenase reaction was left to equilibrate before the 'malic' enzyme reaction was started by the addition of MgCl2. With partially purified preparations, where no endogenous malate dehydrogenase was present, this enzyme was omitted from the assay system. Where excess of malate dehydrogenase was present in assays of crude preparations, an underestimation of the initial rate of the NAD-linked 'malic' enzyme occurred owing to part of the NADH formed in the reduction of oxaloacetate being trapped. The maximum rate was approached only after the E340 had increased by 0.2-0.3 unit. With low activities of NAD-linked 'malic' enzyme, a correction had to be applied for this interference, amounting in the limiting case to 100% of the measured activity (see Pearson, 1965) .
Oxaloacetate decarboxylase was assayed at pH5.9 (see Bursell, 1965 ) by incubation of a system containing 0.1 M-imidazole buffer, 4mM-sodium arsenite, 5mM-Tris/oxaloacetate and 5fmM-CaCI2. Reactions were stopped after different reaction times with HC1O4 (3%., v/v, final concentration). After deproteinization, neutralization and removal of KC104, the extracts were assayed for oxaloacetate and pryuvate by enzymic methods (see Bergmeyer, 1970) . For every incubation, a corresponding control incubation was carried out without enzyme preparation, but with an appropriate amount of sucrose/EGTA medium, to correct for non-enzymic decarboxylation of oxaloacetate.
Malate dehydrogenase and a-glycerophosphate dehydrogenase (EC 1.1.1.8) were assayed in 0.1 Mglycine/NaOH buffer, pH 10, containing 1 mM-NADI, and either 5OmM-L-malate or 20mM-DL-a-glycerophosphate. NADP-linked 'malic' enzyme (EC 1.1.1.40) was assayed in 0.1 M-Tris/HCl buffer, pH7.4, containing 50UM-NADP+, 5mM-MgCl2 and 2mM-L-malate. Citrate synthase (EC 4.1.3.7) was measured by the coupled malate dehydrogenase assay described by Ochoa et al. (1951) . All enzyme assays were carried out at 30°C. For measurements on crude homogenates possiblelatency ofenzymes was prevented by the addition of Triton X-100 (0.03 %) to the assay system. Sonication was avoided because it partially inactivatedtheNAD-linked'malic'enzyme. Rotenone (5,ug/ ml) was also included in nicotinamide nucleotidelinked assays of crude enzymes. A unit of enzyme activity is taken as the amount required to catalyse the conversion of 1 pmol of substrate into product per min.
Protein was measured by the procedure of Lowry et al. (1951) , with bovine serum albumin as the standard.
Results NAD-linked 'malic' enzyme and related enzymes in flight muscle ofvarious insects The activities of NAD-linked and NADP-linked 'malic' enzymes, malate dehydrogenase and oxaloacetate decarboxylase in the flight muscle of selected insects are shown in Table 1 . A remarkably high activity of NAD-linked malic enzyme was observed in the tse-tse fly Glossina morsitans. This enzyme had a lower but still considerable activity in all other species except the cockroach, in which only a trace was detectable.
In contrast with the wide variation in activity of NAD-linked 'malic' enzyme, the range of activities found for NADP-linked 'malic' enzyme and malate dehydrogenase was relatively small. The activity of NAD-linked 'malic' enzyme in G. morsitans was of the same order of magnitude as that of malate dehydrogenase. In the other species shown in Table 1 the NAD-linked and NADP-linked 'malic' enzyme activities were comparable, one or two orders of magnitude lower than that of malate dehydrogenase.
With the preparation methods used, some contami-1976 2.54 Enzyme activities in different species of tse-tse fly are shown in Table 2 . The activity of NAD-linked 'malic' enzyme was high in all four species. Malate dehydrogenase activity was found to be rather low in G. pallidipes and G. longipennis. It should be noted that these two species were caught in the field, and kept in liquid N2 for 2 weeks before preparation of thorax homogenates, whereas G. morsitans and G. austeni were bred under laboratory conditions. No significant differences in enzyme activity were found between males and females ofthe same species.
Separation of'matic' enzyme andmalate dehydrogenase activities In the commonly used spectrophotometric assay system, it is not possible to distinguish between a true NAD-linked 'malic' enzyme and a reduction of NAD+ by malate dehydrogenase coupled to an oxaloacetate decarboxylase activity (see Lin & Davis, 1974; Hansford & Johnson, 1975) . In some species the estimated NAD-linked 'malic' enzyme activity of the flight muscle considerably exceeded that of malate dehydrogenase, but an excess of malate dehydrogenase was necessary in the assay of 'malic' enzyme in crude preparations to prevent interference by endogenous malate dehydrogenase.
Convincing evidence for a distinct identity ofNADlinked 'malic' enzyme was obtained by separating it from malate dehydrogenase on DEAE-cellulose (Fig. 1) Vol. 160 9 enzyme and a minor fraction of the NAD-linked 'malic' enzyme. By including lOmM-MgCI2 in the elution medium, the major peak of the NAD-linked 'malic' enzyme was eluted together with some NADPlinked 'malic' enzyme activity (30 % of the original activity), but no further malate dehydrogenase was detectable. The recovery of all activities and protein was satisfactory (65-85%). Similar separations of malate dehydrogenase and NAD-linked 'malic' enzyme were achieved with preparations from thoraces of G. morsitans and Sarcophaga. The Ca2+-stimulated oxaloacetate decarboxylase activity, recovered in the combined fractions containing NADlinked 'malic' enzyme, was about 45 % ofthat applied to the column, and no activity was recovered in other fractions.
The two peaks of NADP-linked 'malic' enzyme were investigated kinetically to assess their relationship to each other and to the NAD-linked activity. The activity eluted with KCI/Tris/EGTA buffer had an apparent Km for NADP+ in the presence of 2mM-L-malate of less than 10piM (accurate determination was not possible with the amounts of enzyme eluted), whereas the activity eluted with MgCl2-containing buffer had an apparent Km for NADP+ of more than 0.2mM. Moreover, with 0.75mM-NADP+, the latter activity was stimulated about 30% by increasing the malate concentration from 2 mm to 8 mm, whereas the former activity was not. The two activities were clearly catalysed by different proteins. The first peak eluted was presumed to be a true NADP-linked 'malic' enzyme, probably of cytosolic origin (see below), whereas in view of its high Km for both NADP+ and malate, the peak eluted with the MgCl2-containing buffer was presumed to be due to the NAD-linked enzyme, with which it was coincident. mitochondrial fraction, together with 80% of the malate dehydrogenase.
The relatively high proportion of NAD-linked 'malic' enzyme recovered in the supernatant might be held to suggest that the enzyme has a dual distribution in the cell. There are, however, some indications that the enzyme is relatively easily released from the mitochondria. After repeated freezing and thawing of a mitochondrial fraction, followed by centrifugation (40000g for 30min), 32% of the NAD-linked 'malic' enzyme was recovered in the supernatant, as compared with only 5 % ofthe malate dehydrogenase. In similar studies with fleshfly flight-muscle preparations, the distribution of NAD-linked 'malic' enzyme followed more closely that ofcitrate synthase, and the enzyme was less easily released from the mitochondrial fraction by freezing and thawing.
In the absence of Triton X-100 in the assay system, about 70% of the total NAD-linked 'malic' enzyme activity in a freshly prepared G. morsitans homogenate was found to be latent, and was detectable only after repeated freezing and thawing, sonication or treatment with detergent (Table 3 ). This suggests that the enzyme is located predominantly in the mitochondrial matrix space.
Properties ofthepartially purified NAD-linked 'malic' enzyme
The fractions from the DEAE-cellulose column containing the highest activities (see Fig. 1 ) were pooled and used for preliminary studies on the properties of the NAD-linked 'malic' enzyme. For different preparations, the specific activity of the pooled
Intracellular distribution
In Fig. 2 the distribution of NAD-and NADPlinked 'malic' enzymes, Ca2+-stimulated oxaloacetate decarboxylase and malate dehydrogenase between different fractions obtained by differential centrifugation of a G. morsitans flight-muscle homogenate is compared with that of citrate synthase and a-glycerophosphate dehydrogenase, marker enzymes for mitochondria and cytosol respectively. NAD-and NADPlinked 'malic' enzyme activities showed a very different distribution pattern. The NADP-linked activity followed the distribution of a-glycerophosphate dehydrogenase, and hardly any activity was detectable in the mitochondrial fraction. Of the NAD-linked activity about 65 % was recovered in the mitochondrial fraction and 30% in the cytosolic fraction. The distribution of Ca2+-stimulated oxaloacetate decarboxylase closely followed that of NAD-linked 'malic' enzyme. Some 87% of the mitochondrial marker enzyme citrate synthase was recovered in the Table 3 . Effect ofdifferent treatments on the latency ofenzyme activities in flight-muscle mitochondria from Glossina morsitans A mitochondrial fraction was prepared by the procedure described in the legend to Fig. 2 , and assayed in the absence of Triton X-100 except where otherwise indicated. NAD-linked 'malic' enzyme was assayed at pH7.4. Activities are expressed as a percentage of the activity with 0.03% Triton X-100 in the assay medium. Sonication was for three 20s periods, using a Branson sonifier (model W185). Freezing and thawing was repeated three times.
Activity (%) Kinetic parameters. The apparent Km values for NAD+ and L-malate, measured at concentrations of the second substrate normally used in our assay system, were 0.21 and 2.5mM respectively. We have failed to detect the reverse reaction, the reductive carboxylation of pyruvate, even with high concentrations of pyruvate and bicarbonate present (20 and 50mM, respectively).
pH optimum. The enzyme had a pH optimum between 7.6 and 7.9 (Fig. 3) . Replacement of the Tris buffer by phosphate buffer decreased activity by about 40% over the whole pH range, but had no effect on the position ofthe pH optimum. It should be noted that in the comparative study (Tables 1 and 2) assays were performed at pH 7. MgCI2 by MgSO4 had no effect on activity. Although the maximum activity of the enzyme was the same in the presence of either Mg2+ or Mn2+ (Fig. 4) 
Discussion
Although a high activity of NAD-linked 'malic' enzyme has been reported before in insect flight muscle (Hansford & Johnson, 1975) , the present study emphasizes the general importance of the enzyme in a variety of insects, and has established its distinct identity in at least three species by a complete separation from malate dehydrogenase. It is noteworthy that Lewis & Price (1956) , who demonstrated an NADP-linked 'malic' enzyme in the flight muscle of the blowfly (Calliphora erythrocephala), failed to detect an NAD-linked activity in aqueous extracts of an acetone-dried powder of thoraces from this insect. Qualitatively, the properties of the partially purified Glossina enzyme resemble in many respects those of NAD-linked 'malic' enzyme from rabbit heart (Lin & Davis, 1974) , beetle flight muscle (Hansford & Johnson, 1975) , helminth muscle (Fodge et al., 1972) and cauliflower (Macrae, 1971) . Thus the reaction is dependent on the presence of Mg2+ or Mn2+, the enzyme is rather specific for NAD+, especially in the presence of Mg2+, the apparent Km for NAD+ is relatively high (cf. Lin & Davis, 1974) and the enzyme cannot catalyse the reverse reaction (Frenkel, 1975) . The specific activity of the partially purified Glossina preparation (15-24 units/mg ofprotein) is comparable with that of the highly purified helminth enzyme (Fodge et al., 1972) and tenfold higher than reported for the partially purified rabbit heart enzyme (Lin & Davis, 1974) .
Certain features of the Glossina enzyme call for comment. Unlike the helminth enzyme, it is not inactivated by (NH4)2SO4. Indeed, the partially purified enzyme stored at 4'C as an (NH4)2SO4 precipitate lost only 50 % ofits activity in 1 month. Its affinity for Mg2" seems to be similar to that reported for other NAD-linked 'malic' enzymes, but its high sensitivity to Mn2+ is remarkable, full activation being achieved with a concentration less than onetenth the apparent Km value reported for the rabbit heart enzyme.
Another noteworthy property of the insect NADlinked 'malic' enzymes, is the apparent ability to decarboxylate oxaloacetate, a feature that would classify them as EC 1.1.1.38 rather than EC 1.1.1.39. However, with the partially purified preparation studied here, the possibility that the Ca2+-stimulated oxaloacetate decarboxylase activity is due to a distinct protein cannot be excluded, particularly since the cation requirement for the two activities is different. On the other hand, the fact that the two enzyme activities are largely purified together on DEAEcellulose fractionation, their comparable cellular distribution and their relatively constant ratio in different insects strongly suggest that they reside in one protein. This interpretation is supported by the observation that, with a partially purified preparation, which was stored for about 4 months at -8°C, a parallel loss of activity of NAD-linked 'malic' enzyme and Ca2+-stimulated oxaloacetate decarboxylase occurred. An NAD-linked 'malic' enzyme with oxaloacetate decarboxylase activity has been reported in Lactobacillus arabinosus (Korkes et al., 1950) . Other NAD-linked 'malic' enzymes have been reported not to catalyse the decarboxylation of oxaloacetate (see Fodge et al., 1972; Lin & Davis, 1974; Frenkel, 1975) , but it should be noted that tests have usually been carried out in the absence of Ca2+ and at pH4.5 (Ochoa, 1955; Fodge et al., 1972; Lin & Davis, 1974) . Bursell (1965) investigated the effect of different cations on tse-tse fly oxaloacetate decarboxylase and observed considerable activity even in the absence of added Ca2+, which was stimulated only twofold by CaC12. However, no EGTA was present in his experiments, which may explain why his findings differed from those reported here. Certainly, the relationship between oxaloacetate decarboxylase and NADlinked 'malic' enzyme requires a more detailed investigation.
The comparative survey of NAD-linked 'malic' enzyme activities in different insects clearly illustrates the outstanding position of the tse-tse fly, which has a 8-20-fold higher activity than any of the other species investigated. In the other insects, there is no obvious correlation between the NAD-linked 'malic' enzyme activity and either the type of fuel used by the flightmuscle mitochondria or the type of flight muscle, synchronous or asynchronous. Thus comparable activities were found in the synchronous flight muscle of the termite and the asynchronous flight muscle of the fleshfly, both ofwhich rely mainly on carbohydrate oxidation (J. B. Hoek & N. K. Olembo, unpublished observations; N. Abo-Khatwa, unpublished observations), as well as in the synchronous flight muscle of the locust, which can oxidize fatty acids. The beetle species in our survey did not show the high 'malic' enzyme activity found in the Japanese beetle by Hansford & Johnson (1975) . It is possible, however, that the development of beetle flight muscle for migration involves large modifications in metabolic pattern (cf. De Kort & Bartelink, 1972) , with changes in the activity of this enzyme.
The high activity of NAD-linked 'malic' enzyme in 1976
